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Introduction {#sec1}
============

Mesenchymal stromal cells (MSCs) reside in a perivascular niche and can be isolated from many vascularized tissue sources ([@bib5], [@bib33]). In contrast to other cell types, for example, hematopoietic stem cells (HSCs), MSCs can be easily expanded *ex vivo* to achieve clinically relevant cell numbers ([@bib10], [@bib32]). In cell therapy, intravenously injected MSCs preferentially migrate to sites of inflammation, where they can reside for several weeks and secrete a plethora of immunomodulatory factors ([@bib2], [@bib14]). These functional aspects have made MSCs the focus of cell therapy to treat many disease entities in hundreds of clinical trials ([@bib18]). Despite the safe use of MSCs, reported efficiencies in preclinical and clinical studies are diverse even within a certain disease phenotype, such as graft versus host disease in HSC therapy ([@bib16], [@bib21]). MSC cultures were shown to undergo clonal selection during the expansion phase, and selected clones possessed different capabilities ([@bib24]). MSC clones with a desired therapeutic phenotype might be absent in some tissue sources or be selected against over time in the various cultivation conditions, which might partially explain contradictory results in the literature.

Here, we analyzed the influence of some commonly used cytokines in MSC expansion, such as epidermal growth factor (EGF), basic fibroblast growth factor 2 (FGF2), and transforming growth factor β1 (TGFB1), on the clonal composition and functionality of cytokine-selected MSCs. MSC-initiating cells were transduced in whole umbilical cord pieces (UCPs) with integrating lentiviral barcode vectors. These vectors code for mCherry (red), Venus (green), and Cerulean (blue) to facilitate a complex color composition upon triple transduction and a first insight into clonal development by flow cytometry ([@bib4], [@bib24]). To allow high-resolution tracking of clonal development via high-throughput sequencing, the vectors were engineered to contain a genetic barcode region with 15 fluorescent protein-specific and 16 random nucleotides. To explore the possibility that MSC functionality can be directed by the culture medium constituents, parallel cultures of genetically labeled MSCs were kept in media supplemented only with 10% human serum or additionally containing EGF, FGF2, or TGFB1. Flow cytometric and deep sequencing analyses revealed a cytokine-dependent selection of clones from common culture-initiating cells. The secretome analyses of the selected cultures demonstrated a remarkably reduced production and increased uptake of cytokines by TGFB1-selected cells (TSCs). In contrast to MSCs selected in our basic medium, conditioned medium from TSCs was not able to support the cytotoxic activity of a natural killer cell line (NK92) or the proliferation of T cells in a mixed lymphocyte reaction (MLR) *in vitro*. Since results for MSCs supporting HSC engraftment are still contradictory, we tested conditioned media from MSCs selected in our basic medium (rich in MSC-produced cytokines) versus conditioned medium from TSCs (almost no MSC-produced cytokines) ([@bib3], [@bib16]). Surprisingly, TSC-conditioned (TSCc) media increased human chimerism after HSC transplantation in a murine model system. Our results shed light on basic MSC biology and highlight the need to carefully select the expansion media according to the desired therapeutic effect of MSCs.

Results {#sec2}
=======

EGF, FGF2, and TGFB1 Modulate the Growth Kinetics of MSCs {#sec2.1}
---------------------------------------------------------

The umbilical cord (UC) contains a presumed perivascular niche of MSC culture-initiating cells ([@bib5], [@bib11], [@bib24]). Immediately after MSC explant, monolayers (MSC-EM) grew out from the UCPs, samples were distributed among media containing 10% human serum (MSC10) with or without additional cytokines. During passaging, the same amount of cells was seeded for subsequent passages for all conditions and passages. We supplemented MSC10 with 10 ng/mL EGF, FGF, or TGFB1. These cytokines are often used in MSC media and are described to increase proliferation of MSC *in vitro* ([@bib22]). Compared with the MSC proliferation rate during the first four passages in MSC10, addition of FGF2 or EGF to the MSC10 medium led to increased MSC proliferation, while TGFB1 addition resulted in decreased MSC proliferation ([Figure 1](#fig1){ref-type="fig"}). The growth of the cultures started to converge after the fourth passage and reached similar proliferation levels at passage 8. These results were highly reproducible among different donors (n = 6), even though the net growth rates varied strongly ([Figure S1](#mmc1){ref-type="supplementary-material"}). All cells retained the classical MSC markers CD73, CD90, and CD105 throughout the different cultivation settings (data not shown).Figure 1Growth Characteristics of MSC Cultures in Different MediaMSCs were initiated by a UCP and distributed among αMEM + 10% human AB serum (MSC10) or, in addition, 10 ng/mL EGF (MSC10 + EGF), FGF2 (MSC10 + FGF), or TGFB1 (MSC10 + TGF). Cultures were passaged twice a week. The upper panel shows the cell division factor (geometric mean) for each passage. The lower panel shows the cumulative expansion factor. A detailed analysis of individual cultures (n = 14) is depicted in [Figure S1](#mmc1){ref-type="supplementary-material"}. The data represent means and the error bars show the SD.

Cytokine-Dependent Selection of Clones from Common MSC Culture-Initiating Cells {#sec2.2}
-------------------------------------------------------------------------------

To analyze the influence of cytokines on the clonal composition of MSC-EM, we cultivated whole UCPs for 18 h in medium containing integrating lentiviral vectors coding for mCherry (red), Venus (green), or Cerulean (blue) to enable clonal tracking by flow cytometry. In addition, the vectors harbor a genetic barcode region with 16 random nucleotides to facilitate clonal tracking at higher resolution by high-throughput sequencing. Triplicate MSC-EM cultures were separated and kept in MSC10, MSC10 + EGF, MSC10 + FGF, or MSC10 + TGF and passaged beyond the initial growth lag phase. For [Figure 2](#fig2){ref-type="fig"}, UCPs were transduced with the mCherry and Venus, and the initiated MSC-EM with the Cerulean variant ([Figure S2](#mmc1){ref-type="supplementary-material"}A). As we are only interested in the progenitor-dependent selection, only mCherry and Venus are depicted ([Figure 2](#fig2){ref-type="fig"}). Interestingly, the color composition resulting from common culture-initiating cells was similar within medium triplicates and different among the different medium compositions used ([Figure 2](#fig2){ref-type="fig"}). These results were reproducible for different donors ([Figure S3](#mmc1){ref-type="supplementary-material"} \[transduction scheme [Figure S2](#mmc1){ref-type="supplementary-material"}B\] and [Figure S4](#mmc1){ref-type="supplementary-material"} \[transduction scheme [Figure S2](#mmc1){ref-type="supplementary-material"}C\]). We increased the depth of our analysis by high-throughput sequencing of the genetic barcode region within the lentiviral vectors. The diversity of our barcode libraries is typically more than 5 × 10^4^ different barcodes for each color, thus it is very unlikely to select identical barcodes by chance. The read count of barcodes was used as a surrogate marker for clonal abundance. In agreement with the flow cytometric observation (same analysis as [Figure 2](#fig2){ref-type="fig"}, but on barcode level), sequencing data also suggested that clonal composition of replicates cultured in the same medium was similar. Some of the most abundant clones were shared among the different medium conditions ([Figure 3](#fig3){ref-type="fig"}B). To analyze the clonal diversity of MSC-EM independently from common culture-initiating cells, we transduced the MSC-EM after initiation with a third barcode vector, and then cultured the cells in the different media (transduction scheme [Figure S2](#mmc1){ref-type="supplementary-material"}B, but only barcodes from the MSC-EM transduction were analyzed). The Shannon variability analysis is a mathematical method to represent the variability of a system in one number (high number = high variability) ([@bib25]). Deep sequencing and Shannon variability analysis revealed an early loss of clones cultured in TGFB1-supplemented medium ([Figure 3](#fig3){ref-type="fig"}C). Barcode diversity in the other medium conditions remained stable over seven passages.Figure 2Cytokine-Dependent Selection for Clones with Common ProgenitorsMSC progenitors were marked with lentiviral vectors coding for Venus or mCherry in the perivascular niche. An exemplary marked culture grew out and was distributed among MEM α + 10% human AB serum (MSC10) or, in addition, 10 ng/mL EGF (MSC10 + EGF), FGF2 (MSC10 + FGF), or TGFB1 (MSC10 + TGF) in triplicate. Cells were selected for several weeks and the color composition deriving from marked progenitors was analyzed by flow cytometry.Figure 3High-Resolution Clonal Assessment of Selected Clones by Deep Sequencing of the Viral Barcode RegionMSC progenitors were first marked in the perivascular niche of the UCP and a second time after the outgrowth by different barcode variants. An exemplary culture was distributed among MEM α + 10% human AB serum (MSC10) or, in addition, 10 ng/mL EGF (MSC10 + EGF), FGF2 (MSC10 + FGF), or TGFB1 (MSC10 + TGF) in triplicate, and passaged twice a week.(A) Principal-component analysis of the first barcode-marking in the UC after several weeks of selection. Closer proximity of data points represent higher similarity of barcodes.(B) To show that some clones are shared among different conditions, we depicted the 15 most abundant barcodes in all samples. Numbers in the areas mark unique barcode IDs.(C) Shannon diversity analysis of the barcode-marking after initiation and hence independent from common progenitors in the UC. The data represent means and the error bars show the SD (n = 3).

TGFB1 Reduces the Cytokine Production of MSC-EMs {#sec2.3}
------------------------------------------------

Secreted factors are suggested to be one important mode of action for therapeutic use of MSCs ([@bib29]), therefore we analyzed whether altered growth rates and differences in culture-initiating cells might affect the functionality of MSC-EMs. Secretomes of MSC-EM were quantified with the Bio-Plex Pro Human Cytokine 27-plex Assay at three different time points: early after initiation (passage 2), after the growth lag phase (passage 6) and once the growth rates reached similar levels (passage 8). As a control, cytokine levels in medium without cells were measured to determine the MSC-induced net change of cytokines in the different cell culture supernatants. The complete set of 27 investigated cytokines is depicted in [Figure S5](#mmc1){ref-type="supplementary-material"}. We analyzed all combinations of media and passage numbers for each cytokine and found nearly 800 significant differences among the conditions ([Table S1](#mmc2){ref-type="supplementary-material"}). The cytokines that were most deregulated included interleukin-6 (IL-6), CXCL8, CCL5, and PDGF-BB, and those with prominent immune modulatory effects included CCL2, IFNG, TNFA, and IL-10 are depicted in [Figure 4](#fig4){ref-type="fig"}. The changes in cytokine levels could be roughly divided into two groups, those which were either increased (e.g., IL-6, CXCL8, CCL2, IFNG, and TNFA) or decreased (e.g., CCL5, PDGF-BB, and IL-10) by MSCs. MSC10-selected cells (M10SC) showed the highest cytokine production with a peak at passage 6. In contrast, TSCs produced only minimal amounts of cytokines and exhibited the highest consumption of cytokines early after initiation compared with the other medium conditions as shown by the bars below the dashed red line (zero change).Figure 4The Cytokine Content in the Supernatant of TGFB1-Selected MSCs Is Remarkably Reduced Compared with the Other Cultivation ConditionsMSC cultures induced by the UC were kept in four different medium conditions: MEM α + 10% human AB serum (MSC10) or, in addition, containing 10 ng/mL EGF (MSC10 + EGF), FGF2 (MSC10 + FGF), or TGFB1 (MSC10 + TGF). MSC cultures were passaged twice a week. Supernatants were analyzed by Bio-Plex Pro Human Cytokine 27-plex. For Exemplary eight cytokines are depicted. Control samples were cultivated without cells. Cytokine levels measured in the control media were subtracted from the different MSC culture conditions, which resulted in the net production or reduction of cytokines by the cells. The cytokines quantified are given at the top of the graphs. To adjust to the different proliferation rates in the different media, cytokine amounts were divided by the area under the growth curve. The cytokine ranges were IL-6 (26 to 10,544 pg/mL), CXCL8 (5 to 10,087 pg/mL), CCL5 (−1,751 to 46 pg/mL), PDGF-BB (−853 to −36 pg/mL), CCL2 (−15 to 1,352 pg/mL), IFNG (−20 to 103 pg/mL), TNFA (−18 to 119 pg/mL), and IL-10 (−3 to 1 pg/mL). The data represent means and the error bars show the SD; n = 9 (separately cultivated medium triplicates from three donors).

Altered MSC Secretomes Affect Activities of Other Cell Types {#sec2.4}
------------------------------------------------------------

To study the effect of an altered secretome on other cell types, we used MSC-EM cultivated in MSC10 (top cytokine producer) or TSCs (minimal cytokine producer). After selection in the respective medium, cells were washed in PBS and cultured in MSC10 medium for 24 h. These conditioned media were used to cultivate the acute megakaryoblastic leukemia cell line MO7 ([@bib1]). MO7 cells did not grow in MSC10 (used as negative control), but proliferated in the presence of 10 ng/mL CSF2 ([@bib7]) (positive control). Interestingly, MO7 cells were able to grow in MSC10-conditioned medium (MSC10c). In contrast to MSC10c, MO7 growth in TSCc medium was not different from the negative control ([Figure 5](#fig5){ref-type="fig"}A).Figure 5The Supernatant of TGFB1-Selected MSCs Showed a Reduced Interference with Other Cell Types Compared with MSCs Selected in Human Serum Supplemented MediaMSCs were selected in MSC10 (MEM α + 10% human serum) or MSC10 with additional 10 ng/mL TGFB1. Culture medium was removed, cells were washed with PBS and cultured in MSC10 for 24 h to generate conditioned medium.(A) Growth of MO7 cells normalized to the negative control. Negative, MSC10; positive, MSC10 + 10 ng/mL CSF2; n = 9 (3 independent experiments in triplicates).(B) Growth of NK92 cells normalized to the negative control. Negative, MSC10; positive, MSC10 + 400 IU/mL IL-2; n = 12 (4 independent experiments in triplicates).(C) Growth of K562 cells normalized to the negative control. Negative, MSC10; positive, MSC10 + 400 IU/mL IL-2; n = 9 (3 independent experiments in triplicates).(D) Remaining K562 after the addition of the same number of cytotoxic NK92 and 48 h of cultivation. First normalized to the cell number of K562 cells without NK92 and then normalized among the experiments to the negative control. Negative, MSC10; positive, MSC10 + 400 IU/mL IL-2; n = 9 (3 independent experiments in triplicates); MSC10c, conditioned medium by MSC10-selected MSCs; TSCc, conditioned medium by MSC10 + TGFB1-selected MSCs.(E) PBMCs of HLA-mismatched donors were stained either with CFSE or eFlour670, mixed in a ratio of 1:1, cultivated for 1 week and analyzed by flow cytometry for CFSE and eFlour670-negative cells in CD3+ fraction.All groups were statistically analyzed, but due to space constrains, only the significant value is depicted. n = 3 (technical triplicates); ns, not significant; ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. The data represent means and the error bars show the SD.

As levels of immunomodulatory cytokines were found to be differentially regulated in MSC cultures depending upon the media used, we hypothesized that different MSC cultivation conditions could be exploited to control immune cell functions. To explore this idea, we tested effects of supernatants from MSC cultures on the killing efficiency of the clinically used natural killer cell line NK92 against the chronic myelogenous cell line K562 ([@bib9], [@bib15], [@bib26]). As expected, NK92 could not grow in MSC10 (negative control) as they require IL-2 (400 IU/mL, positive control) for proliferation ([@bib9]). Neither MSC10c nor TSCc media supported NK92 growth. Proliferation of the K562 target cells was slightly reduced upon addition of IL-2 to the MSC10 medium. K562 showed increased proliferation in MSC10c (similar to the basal MSC10 medium) and decreased cell growth in TSCc (similar to the IL-2 condition). Further, we tested the cytotoxicity of NK92 versus K562 in MSC10 (negative control), MSC10 + IL-2 (400 IU/mL) (positive control), MSC10c, and TSCc. NK92 and K562 were mixed in a ratio of 1:1, resuspended in the respective media and incubated for 48 h. As expected, NK92 killed K562 more efficiently in the positive control medium compared with the negative control medium. NK92 cytotoxicity in MSC10c was similar to the positive control, whereas NK92 cells in TSCc medium exhibited a reduced cytotoxicity against K562. A similar tendency was observed in an MLR assay. Peripheral blood mononuclear cells (PBMC) of two histocompatibility leukocyte antigen (HLA)-mismatched donors were mixed in a ratio of 1:1, which led to activation and proliferation of preferentially T cells. The growth of T cells in the MLR can be highly increased by the addition of IL-2 and inhibited by further supplementation of IL-10. In comparison with the inhibitory IL-10 conditions, basal medium alone allowed for a moderate growth of T cells. MSC10-conditioned medium increased this effect, whereas TGFB1-conditioned medium decreased T cell proliferation.

Conditioned Medium from TGFB1-Selected Cells Supports Human Hematopoietic Chimerism in a Murine Transplantation Model {#sec2.5}
---------------------------------------------------------------------------------------------------------------------

Beside the effects of MSC10c on the proliferation and killing activity of certain hematopoietic cell lines, we tested the consequences of different MSC culture conditions on HSC transplantation efficiency. Human CD34+ cord blood cells were cultivated overnight in three different conditions: a control medium (StemSpan + KITLG \[100 ng/mL\]), MSC10c or TSCc (passage 7). We observed no significant expansion of the HSCs during cultivation ([Figure 6](#fig6){ref-type="fig"}A). CD34+ HSCs and progenitor cells (2--4 × 10^4^ cells in 150 μL medium) were then transplanted into non-irradiated NBSGW mice via tail vein injection ([@bib17]). After 12 weeks, mice were sacrificed, and the chimerism of human CD45+ cells in bone marrow and peripheral blood was analyzed by flow cytometry. Compared with MSC10c, we observed a significantly higher human chimerism in the peripheral blood and bone marrow of mice transplanted with HSCs pre-cultured in TSCc medium ([Figure 6](#fig6){ref-type="fig"}B). When compared with results of the original publication of the NBSGW mouse model, the pre-culture conditions used in our studies did not lead to lineage bias regarding hCD3, hCD19, and hCD33 phenotype in peripheral blood and bone marrow ([Figure S6](#mmc1){ref-type="supplementary-material"}) ([@bib17]). To separately study the effects of conditioned medium on CD34+ cells during pre-conditioning and transplantation, we injected freshly thawed cells in conditioned media with no prior cultivation and could not observe differences between the treatments ([Figure 6](#fig6){ref-type="fig"}C). We concluded that the pre-conditioning was the main reason for differences in human chimerism. To rule out a loss of stemness of human CB CD34+ cells due to increased differentiation in the cytokine-rich MSC10 medium, we performed hematopoietic colony-forming assays to assess the potential of HSPC to form colonies of the myeloid lineage. One hundred pre-conditioned HSCs were seeded in MethoCult 4034 Optimum and cultured for 16 days, before colonies of the type granulocyte-erythrocyte-monocyte-megakaryocyte (GEMM), GM, or Burst-forming unit-erythroid (BFU-E) were counted. However, we observed no significant differences in the number of colonies between the two conditioned media. Interestingly, the colonies formed by the TSCc pre-conditioned cells were larger and contained higher cell numbers ([Figure 6](#fig6){ref-type="fig"}D). As prostaglandin E2 (PGE2) is a well-known enhancer of HSC engraftment and mediator in MSC-derived immune modulation, we hypothesized that higher levels of PGE2 in TSCc might have caused the increase in engraftment by elevating the homing potential ([@bib6], [@bib27]). However, in line with the other secretome analysis, PGE2 was mainly produced by M10SC but not by TSCs, and is most probably not the explanation for a better engraftment of TSCc-treated HSCs ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 6Conditioned Medium from TGFB1-Selected MSCs Provided Superior Support of Human ChimersimMSCs were selected in MSC10 (MEM α + 10% human serum) or MSC10 with, in addition, 10 ng/mL TGFB1, washed with PBS, and cultured in fresh MSC10 for 24 h to produce conditioned medium. The supernatants and a control medium (StemSpan + KITLG 100 ng/mL) were used to cultivate human CD34+ cord blood cells overnight and to transplant the HSCs via tail vein injection into NBSGW mice. Mice were sacrificed and analyzed 12 weeks after transplantation.(A) Proliferation of hematopoietic cells after 24 h of cultivation in the different media. Cell numbers are shown relative to condition MSC10.(B) CD34+ cells were incubated in conditioned or control medium for 18 h and injected in the same medium used for cultivation. The figure shows percentage of human chimerism (CD45+ cells in all CD45+ cells) in the peripheral blood (PB) and bone marrow (BM) of transplanted NBSGW mice. Mouse cohorts 1, 2, and 3 are represented by different shapes.(C) Human cord blood CD34+ cells were thawed and transplanted in 150 μL conditioned medium. Depicted is the human chimerism (CD45+ cells in all CD45+ cells) in the BM of transplanted NBSGW mice.(D) One hundred CD34+ cells were seeded in MethoCult 4034 Optimum after cultivation for 18 h in conditioned medium. Colonies and cells were counted 16 days after seeding.MSC10c, conditioned medium by MSC10-selected MSCs; TSCc, conditioned medium by MSC10 + TGFB1-selected MSCs; GEMM, granulocyte, erythrocyte, monocyte, megakaryocyte; GM, granulocyte, macrophage; BFU-E, Burst-forming unit erythrocyte; ns, not significant; ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 calculated with ANOVA and Tukey *post hoc* test. The data represent means and the error bars show the SD.

Discussion {#sec3}
==========

In cell therapy clinical trials, MSCs are one of the most often applied cell types ([@bib18], [@bib30]). The MSCs employed in trials are generated from various tissue sources, expanded in diverse culture conditions, and used in many different disease backgrounds. The therapeutic effects vary among patients and there is insufficient knowledge about the *in vivo* mode of action elicited by MSCs. Paracrine effects of cytokines produced by the MSCs are believed to be instrumental in modulating immune reactions in the recipients ([@bib8]). Apart from the complex disease microenvironment, which might affect the functionality of applied MSCs, the isolation and cultivation processes might also have a tremendous impact on the characteristics of the cell product. In this study, we showed a cytokine and common progenitor-dependent selection of MSC clones. In addition, we observed that TGF-β-selected cells exhibited a notable decrease of cytokine production, lower cell proliferation kinetics, but a beneficial effect on human chimerism after HSC transplantation in mice.

Previously, we reported about the transduction of MSC progenitors in human UCP with lentiviral barcode vectors and how to assess and follow the clonal repertoire during MSC expansion ([@bib24]). Here, we used this powerful technology to analyze the influence of cytokines on the fitness of clones with common progenitors in a bulk culture. Supplementation of our standard culture medium containing 10% human serum with EGF, FGF2, or TGFB1 led to distinct changes in MSC functionality. EGF and FGF2 initially increased and TGFB1 decreased the growth rate of MSC-EM compared with our standard medium. The differences in growth rates were most prominent in early passages and converged to similar levels after several weeks. A possible explanation would be the adaptation and selection of individual clones to the different medium conditions, which would affect the overall proliferation rate of the bulk culture. Our previous study and others have proposed that the niche of MSC is located around the perivascular region in the UC, so that it is possible to transduce MSC culture-initiating or progenitors cells and follow the progeny during *ex vivo* expansion ([@bib5], [@bib24]). Hence, MSC progenitors in the UC were marked with vectors coding for different fluorescent proteins and a genetic barcode, distributed the same marked MSC-EM among the different media, waited for the recovery of the growth rates, and analyzed the cultures in different resolution levels. Flow cytometry and deep sequencing analysis of the barcoded vectors revealed a cytokine-dependent selection of clones from common culture-initiating cells. Jung and colleagues showed the influence of different medium components on the number of colony-forming unit fibroblasts (CFU-F), but concentrated more on a maximum yield of cells in combination with expansion and not on the basic biology of MSCs ([@bib13]). The different numbers of CFU-F and the observed synergistic or inhibitory effect of some cytokine combinations might be the result of distinct growth kinetics from certain MSC culture-initiating cells.

For clinical use of MSCs, it is important to understand whether different culture-initiating cells and the selected clones might have distinct characteristics. The main therapeutic mechanism of MSCs is the secretion of factors and the communication with other cell types ([@bib18]). Our analyses of the MSC secretome after cultivation in different media during the early expansion phase, after initial clonal selection and a later expansion of the reduced clonal repertoire demonstrated the generation of two main groups based on cytokine production or depletion. FGF2 and EGF, which are often used in MSC expansion media, did not show a strong effect on the secreted factors. Strikingly, MSCs in TGFB1 produced minimal amounts of cytokines and, in addition, strongly reduced the levels of other cytokines, suggesting TGFB1 to be a strong regulator of the MSC secretome. Whether the reduction of cytokine concentrations was a result of active consumption by MSCs or a passive degradation process remains to be determined. Our study only quantified secreted cytokines included in the 27-plex. Analysis of other important factors, such as IDO1, should be accomplished in future studies. Of clinical interest, our data demonstrate that the MSC secretome, which can be partially controlled by cell culture conditions, can affect functional properties of other cell types. For example, two leukemia cell lines exhibited maintained or improved proliferation in the cytokine-rich MSC10c medium as compared with the cytokine reduced medium of TSCs. While many different cytokines promote the growth of MO7 and K562 cells, NK92 cells are highly depend upon IL-2, which was not produced by MSCs in either condition ([@bib7], [@bib9], [@bib15]). MSC culture media also influenced the cytotoxic function of NK92 cells, as NK92 cultured in MSC10c showed a similar killing efficiency compared with the positive control, while TSCc reduced the killing efficiency to levels of the negative control. At passages 6 and 8 in the secretome analysis, IL-2 was produced at very low amounts from MSC10 cultivated cells, but not after TSC treatment. Even when NK92 are deprived from IL-2 for 24 h, Park and colleagues showed that IL-15 stimulated the cells and led to specific killing of K562 cells. In contrast to TSC conditions, MSC10 cultured cells produce IL-15 and might thereby support the cytotoxic capacity of NK92 ([@bib20]). Similar effects were observed in an MLR assay, where MSC10c was slightly more and TSCc less stimulatory compared with the basal medium. However, the MLR data do not suggest the secretion of a potent immune inhibitory effector under TGFB1 selection. In light of the secretome analysis, we conclude TSCc medium contains overall lower amounts of immunomodulatory cytokines. These data support the possibility to use MSC culture conditions to regulate immune cell functions. In addition, we tested the influence of different conditioned media on the human chimerism in immunodeficient mice, after transplantion of human HSCs. We observed significantly higher rates of hCD45+ cells in animals transplanted with cells conditioned in TSCc compared with MSC10c. The transplantation of freshly thawed HSCs in the conditioned media alone did not lead to an increase in human chimerism. Because conditioned medium from MSC10-selected MSCs contains markedly more cytokines than TSCs, these cytokines could either promote HSC differentiation and reduce the stemness of the cells or negatively affect HSC engraftment. The colony-forming assay is a method to access the lineage potential of hematopoietic cells for myeloid populations. We observed no significant changes in the amount or type of colonies between HSC conditioned in TSCc or MSCc. However, the colonies from TSC pre-conditioned cells were bigger as indicated by the cells numbers. This could be explained by a higher expansion potential of the cells in TSCc and partially explain the observation in the mice. However, whether the precondition increased the proliferation of human cells in the immunodeficient mice or whether the engraftment of HSCs was affected cannot be answered with certainty and is beyond the scope of this paper.

In summary, we showed that clonal selection of MSCs is controllable by the choice of cytokine supplementation and that some cytokines extensively alter MSC function. In particular, FGF2 and EGF increased the expansion potential of MSCs and led to clonal selection from common culture-initiating cells, but did not drastically change the MSC secretome. In contrast, TGF-β signaling enabled the growth of only a few MSC clones and greatly reduced the secretion of cytokines. Most commercially available MSC expansion media for clinical application are optimized for maximum MSC yield after early passages. Since high TGFB1 concentrations markedly reduce the MSC yield, it is possible that---also depending on the application---scientists and companies might decide against media containing this growth factor. However, TGFB1-containing MSC medium may have beneficial effects for some applications, such as HSC engraftment studies. Our results suggest that MSC expansion media should be chosen on the basis of the desired experimental or therapeutic purpose.

Experimental Procedures {#sec4}
=======================

UC and MSC Culture {#sec4.1}
------------------

Human UCs were obtained from term deliveries (38--40 weeks) after written informed consent, as approved by Hannover Medical School ethics committee. UCPs were cultivated in MSC15 (MEM α, GlutaMAX Supplement, no nucleosides \[Thermo Fisher Scientific\], 15% hAB serum \[C.C.Pro GmbH\], 1% penicillin/streptomycin \[PAN-Biotech\]). Outgrown MSC monolayers were cultured in MSC10 (MEM α, 10% hAB serum, 1% penicillin/streptomycin) or additionally supplemented with 10 ng/mL hTGFB1 (PeproTech), hFGF2 (PeproTech), or EGF (PeproTech). Cells were passaged twice a week by washing cells with PBS (PAN-Biotech) and detachment with 1× trypsin (PAN-Biotech). The trypsin reaction was stopped with supernatant of each culture (which was set aside before washing) at twice the volume of trypsin. Cells were counted, harvested by centrifugation (400 × *g*), resuspended in fresh medium and seeded (2.5 × 10^4^ cells/12-well \[SARSTEDT\], corresponding to 6.85 × 10^3^ cells/cm^2^). To calculate the cell division factor ([Figure 1](#fig1){ref-type="fig"}), the number of cells harvested at the splitting time point was divided by the number of cells seeded at the previous time point. As we passaged the cells twice a week, either 3 or 4 days were in between each splitting time point. Hence, we calculated the cell division factor per 24 h. For example, a cell division factor of 3 means that after 24 h there were three times more cells than seeded at the previous split.

Cytokine Analysis {#sec4.2}
-----------------

Cell supernatant from the different culture conditions was collected before the normal passaging procedure. To account for lot to lot differences of the human AB serum in our secretome analysis, we cultivated MSC10 medium without cells as a control and subtracted the values obtained from this negative control from all other measured values obtained for conditioned media. Conditioned and control media were analyzed in Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad). The PGE2 content was analyzed by ELISA according to the manufacturer\'s protocol (Invitrogen, KHL1701).

Cell Lines {#sec4.3}
----------

K562 was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ) and maintained in MEM α, 10% hAB serum, and 1 mM sodium pyruvate (PAN-Biotech). NK92 was purchased from ATCC and maintained in MEM α, 10% hAB serum, 1 mM sodium pyruvate, and 400 IU/mL IL-2 (Novartis). MO7 was purchased from DSMZ and maintained in MEM α, 10% hAB serum, and 10 ng/mL CSF2 (PeproTech).

Leukemic Cell Growth and NK92 Cytotoxicity Assays {#sec4.4}
-------------------------------------------------

MSC10- or TGFB1-selected cells were cultivated until 80% confluence in a 6-well culture dish (SARSTEDT), medium was removed, cells were washed twice with 2 mL PBS and cultivated in 1.5 mL MSC10 for 24 h (conditioned media, passages 5--8). MO7 were starved for 3 days without additional CSF2 in the medium. Equal amount of cells were distributed in triplicates among MSC10 (negative control), MSC10 + 10 ng/mL CSF2 (positive control), and both conditioned media. Cells were counted after 2 days. K562 and NK92 were equally distributed in triplicates among MSC10 (negative control), MSC10 + 400 IU/mL hIL-2 (positive control), and both conditioned media. Cells were counted after 2 days. NK92 and K562 were mixed in a ratio of 1:1 for the NK92 cytotoxicity assay and distributed in triplicates among MSC10 (negative control), MSC10 + 400 IU/mL hIL-2 (positive control), and both conditioned media. K562 were counted after being 2 days on an orbital shaker at 100 rpm.

MLR Assay {#sec4.5}
---------

PBMCs from HLA-mismatched donors were isolated with Biocoll (Merck) according to the manufacturer\'s protocol and stored in liquid nitrogen (−170°C). After thawing, one donor was stained with eFlour670 and the other with CFSE (Invitrogen), mixed (5 × 10^5^:5 × 10^5^) and cultivated in 750 μL of MSC10, MSC10 + IL-2 (Novartis) (400 IU/mL), MSC10 + IL-2 (400 IU/mL) + hIL-10 (PeproTech) (500 IU/mL), MSC10c, and TSCc in 24-well plates (SARSTEDT). All media used in MLR reactions contained 20 mM HEPES (PAN-Biotech) and 50 μM mercaptoethanol (Sigma). After 4 days, medium was replaced. Cells were analyzed after 7 days by flow cytometry. To specifically analyze T cell proliferation, cells were stained with anti-hCD3-eFluor450 (eBioscience, catalog no. 48-0037-42). Proliferating T cells were quantified by the expression of CD3 and loss of e650 and CFSE. Statistical significance was calculated with Kruskal-Wallis and Dunn\'s multiple comparison test.

HSC Transplantation and Colony-Forming Assay {#sec4.6}
--------------------------------------------

Human cord blood was obtained from term deliveries (38--40 weeks) after written informed consent, as approved by Hannover Medical School ethics committee. Human CD34+ cells were isolated with Biocoll (Merck) and human CD34 MicroBead Kit (Miltenyi) according to the manufacturer\'s protocol. MSC-EMs were selected in either MSC10 or MSC10 + TGFB1. Selected cultures were washed with PBS and cultivated in MSC10 medium for 24 h to generate conditioned medium MSC10c (after MSC10 selection) or TSCc (after MSC10 + TGFB1 selection), which was stored frozen at −20°C until further use (passages 5--8). Human CD34+ cells were thawed and cultured for 18 h in either one of the conditioned media or StemSpan (STEMCELL Technologies) supplemented with 100 ng/mL KITLG (PeproTech) for 18 h. Cells were harvested by centrifugation (300 × *g*, 5 min) and resuspended in the respective media used for cultivation. We injected 2--4.5 × 10^4^ cells/150 μL into the tail vein of non-irradiated NBSGW mice ([@bib17]). An aliquot of hCD34+ from the same donor was freshly thawed on the day of transplantation and injected with identical cell numbers in 150 μL of conditioned medium. Mice were sacrificed 12 weeks later and analyzed. Bone marrow and peripheral blood were stained with DAPI (Sigma-Aldrich), hCD45-FITC (BioLegend, catalog no. 304006), mCD45-PerCP-Cy5.5 (Thermo Fisher Scientific, catalog no. 45-0452-82), hCD3-APC (BioLegend, catalog no. 317318), hCD19-PE (Thermo Fisher Scientific, catalog no. 12-0198-42), hCD33-BV605 (BioLegend, catalog no. 366612), and the corresponding isotype controls. We seeded 100 CD34+ cells after cultivation in MSC10c or TSCc (18 h) for hematopoietic colony-forming assays (MethoCult H4034 Optimum, STEMCELL). Colonies (GEMM, GM, and BFU-E) and cells were counted 16 days after seeding.

Virus Production and Transduction {#sec4.7}
---------------------------------

The lentiviral barcode vectors were described previously ([@bib4], [@bib24]). We replaced the spleen focus-forming virus promoter by the chromatin-opening element (CBX3) in combination with the elongation factor 1α promoter to reduce the chance of insertion mutagenesis and the silencing of the gene expression ([@bib4], [@bib12]). Viral supernatants were produced in a four-plasmid split packaging system as described previously and stored at −80°C until use ([@bib23], [@bib28]). UCs were cut into small pieces (1 cm), washed with PBS, cultivated for 4 h in MSC10, washed again several times with PBS, cultivated for an additional 20 h, and washed with PBS to remove glycol precipitates, which block the access of the virus to the UCP. The UCPs were transduced in a final volume of 500 μL MSC10 virus mix supplemented with 4 μg/mL protamine sulfate (Sigma-Aldrich) for 16 h in a 24-well plate format (SARSTEDT). UCPs were transferred to a 12-well plate (SARSTEDT) and cultivated as described above to induce MSC cultures. To transduce the MSC culture independent from the progenitors in the UCP, we waited until approximately 10^5^ MSCs grew out. The UC and old media were removed from the well, cells were washed with PBS, and transduced in a final volume of 500 μL MSC10 virus mix (4 μg/mL protamine sulfate). After 16 h, MSC10 virus mix was removed, cells were detached and distributed among the medium replicates.

Flow Cytometry {#sec4.8}
--------------

To determine the expression of transgenes, MSC-EMs were analyzed with a BD LSR II flow cytometer (BD Biosciences) and the FlowJo 7.6.5 software (FlowJo). For Cerulean, a 404-nm laser and 450/50 filter was used; for Venus, a 488-nm laser and 525/50 filter with 505LP was used; and, for mCherry, a 523-nm laser and 610/20 filter with 600LP was used. For DAPI, a 404-nm laser and 450/50 filter was used; for FITC, a 488-nm laser and 525/50 filter with 505LP was used; for PerCP-Cy5.5, a 488-nm laser and 685/35 filter with 675LP was used; for APC, a 639-nm laser and 670/14 filter was used; for PE, a 523-nm laser and 575/26 filter was used; and for BV650, a 404-nm laser and 585/42 filter with 575LP was used.

Deep Sequencing Preparation {#sec4.9}
---------------------------

The DNA was isolated with QIAamp DNA Blood Mini Kit (QIAGEN). The amplicon preparation was performed as described previously ([@bib24]). In short, the barcodes were amplified in a nested PCR. To distinguish different samples in a single deep sequencing run, one of the outer PCR primers contained a sample-specific tag. The pooled samples were sequenced via the Ion Torrent Personal Genome Machine system (Thermo Fisher Scientific).

Data Processing and Statistics {#sec4.10}
------------------------------

Deep sequencing results were screened for sample-specific tags of the primer to assign the sequences to the different samples with a custom Perl 5 script (<https://www.perl.org>). In a second step, the sequences were screened for the barcode flanking parts "TACCATCTAGA" and "CTCGAGACT" embedding a region between 42 and 52 base pairs to remove unspecific amplicons and to allow a certain error rate. The last step of preprocessing was performed with a custom R ([https://www.R-project.org/](https://www.r-project.org/){#intref0015}) script. The barcodes contain 16 random nucleotides, which leads to 4^16^ different barcodes. The probability of two independent barcodes to differ in a certain number of nucleotides depends on the amount of barcodes found, and is resembled by a binomial distribution. Sequencing errors show usually smaller differences to the original sequence than real independent barcodes. A cutoff was chosen dependent on the binomial distribution to allow 1% falsely clustered barcodes. Stepwise, the most abundant and unclustered barcode was compared with all other unclustered barcodes, all barcodes below the cutoff were rated as sequencing errors and added to the currently most abundant barcode. Principal-component analysis was performed with basic R commands and the Shannon diversity index with the package vegan ([@bib19]). All graphs, except in [Figure 5](#fig5){ref-type="fig"}, were made with the R package ggplot2 ([@bib31]) and statistics calculated with basic R commands. Significance was tested with Kruskal-Wallis, Wilcoxon-Mann-Whitney U test, and p values adjusted with Bonferroni except for [Figure 5](#fig5){ref-type="fig"}. [Figure 5](#fig5){ref-type="fig"} was generated with GraphPad Prism 6 (GraphPad Software), value passed D\'Agostino\'s K-squared normality test and significance was controlled with one-way ANOVA and Tukey multiple comparison test *post hoc* test.
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Document S1. Figures S1--S7Table S1. p Value Table of the Pairwise Wilcoxon Test for All Combinations of Passage and Medium, Related to Figure 4We analyzed the secretome of differentially cultivated MSCs by a Bio-Plex Pro Human Cytokine 27-plex, and the most interesting proteins are depicted in Figure 4. The complete set is provided in Figure S5. As 27 different proteins for 4 medium conditions and three different passages were analyzed, the statistical result is too complex for the main part, but provided in the supplementary material.Document S2. Article plus Supplemental Information
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